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Abstract: In broccoli production a big challenge is preparation of seedlings, which must be delivered
during a strictly defined period to vegetable producers that are often in distant places. The goal of
the present study was to investigate the response of 5-week old broccoli transplants cv. Parthenon
F1 to 2 and 6 weeks of storage at 4 ◦C under two LED light spectra (L1: 29% red 660 nm + 14% red
630 nm + 42% blue 250 nm + 15% green 520 nm and L2: 38% red 660 nm + 18% red 630 nm +26% blue
450 nm + 15% green 520 nm + 3% UV-A 330 nm; photoperiod 16/8 h day/night and PPFD 30 ± 10 µmol
m−2 s−1) and darkness. Control 5-week-old seedlings were not stored. Light treatment improved the
morphology and physiological parameters of seedlings. The yield of broccoli from control seedlings
was similar to that obtained after L2 treatment, regardless of seedling storage duration. The most
promising effects were obtained by adding 3% UV-A radiation to the lighting spectrum. The results
are applicable to the transport of broccoli transplants to remote locations or storage for several weeks,
in cases where it is necessary to delay planting.
Keywords: UV–A; growth parameters; dry matter; soluble sugars; total proteins; phenols; MDA;
photosynthetic pigments; chlorophyll fluorescence; broccoli yield
1. Introduction
On a global scale, broccoli (Brassica oleracea L. var. italica Plenck) belongs to a group of vegetables
of great economic importance. The production of cauliflower and broccoli in Poland represented 1.1%
of the total world production in 2018. This gave Poland a place among the leading producers in Europe,
with Spain leading the way. The consumption per person is growing steadily [1,2]. Broccoli owes its
growing popularity to the fact that it is a rich source of health promoting compounds, showing high
radical scavenging activity [3–5] and potential anti-cancer properties [6,7].
Depending on climate conditions and weather, broccoli can be directly seeded or transplanted.
Primarily, in certain regions, broccoli is grown from transplants, using seedlings with 4–6 developed
leaves at the time of transplanting. Broccoli seedlings are most often offered by producers at this growth
stage. A big challenge for them is the rapidly growing demand for broccoli seedlings, which must be
delivered to vegetable producers during a strictly defined period, often to very distant places. In such
cases, seedling producers would benefit from a system that would allow plants to be transported for as
long as possible without the risk of losing their quality parameters. Additionally, vegetable producers
are often unable to transplant seedlings during the scheduled time due to various reasons, e.g., adverse
weather, lack of proper equipment, problems with labor force. The solution to this problem would be a
meticulously designed plant storage system [8]. Therefore, the question is whether seedlings can be
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transported and/or stored with the use of a system—that is designed to maintain the proper storage
conditions and simultaneously do not require a large energy input to function. In the last few decades,
many research studies have been conducted on the storage of vegetable seedlings at low temperatures,
which inhibits the growth of plants, but also allows the preservation of good quality seedlings and
high yield of good quality [9,10]. Research has focused on optimizing the environment in terms of
photoperiod, light intensity, and spectral quality as well as the composition of the gaseous atmosphere
(CO2 and O2 concentrations), which, combined with the right storage temperature, can improve the
ability to store seedlings without causing deterioration [11].
For economic reasons, the easiest solution would be to keep the seedlings in the dark, at moderate
temperature. Results obtained on cabbage (Brassica oleracea L. var. capitata L.) seedlings showed that
plants stored at 15 ◦C for 2 weeks continued to grow, but resulted in weakening of the plants and caused
difficulties for continuing normal growth in the field after storage [12]. In addition, Sato et al. [13] found
that elongation growth of cabbage seedlings occurs at a temperature range from 5 to 10 ◦C. Whereas
Grabowska et al. [14] showed the possibility of storing broccoli seedlings in the dark at 2 ◦C for 2
weeks, without loss of crop-forming potential. However, some in vitro studies suggested a negative
influence of storing broccoli seedlings in the dark at 5 ◦C for 4 weeks, resulting in reduced quality of
plants and re-growth potential [15]. Seedling illumination during storage was necessary to maintain
good quality of cabbage seedlings, with red light providing better results than white or blue light
emitting diodes (LEDs) [16]. In cited research, 60 min of red light illumination per day was effective at
suppressing shoot elongation and maintaining the photosynthetic ability of cold-stored (10 ◦C) seedlings.
However, it should be emphasized that there are few studies concerning vegetable transplants stored
under LED light. Available research is concentrated on the effects of LED irradiance during seedlings
growth; both in closed environment chambers and in greenhouses (as supplemental lighting) [17,18].
Moreover, few works are focused on broccoli seedlings under LED light [19]. Most studies showed the
beneficial effects of red light (670–700 nm) combined with blue light (425–490 nm) on seedling quality but
the proper ratio of red to blue light seems to be species/cultivar specific and may vary depending on
environment factors and cultivation methods. Blue light proves to be beneficial, primarily in enhancing
the synthesis of chlorophylls or phenolic compounds and in decreasing plant height while simultaneously
increasing dry matter [20]. Some research has also included green light (490–550 nm) into the red and
blue spectrum for, e.g., cherry tomato (Solanum lycopersicum L.) seedling [21] and lettuce (Lactuca sativa
L.) [22] cultivation, but the effects are not consistent. Samuolienė et al. [23] showed that green light can
beneficially modify photosynthesis and growth parameters of cucumber (Cucumis sativus), tomato, and
sweet pepper (Capsicum annuum L.) transplants.
In the last decade, more attention has been paid to the effect of LED light on the postharvest
maintenance of quality of many horticultural products and some works were carried out on broccoli [24].
For example, low intensity of white and blue LED light (20 µmol m−2 s−1 PPFD) resulted in an increase
of chlorophylls and soluble sugars in broccoli heads compared to a control in the dark [25]. The effects
of light on leaf senescence of perishable vegetables in the postharvest stage have also been studied.
For example, warm white LED light at a low intensity effectively inhibited the senescence of lamb’s lettuce
(Valerianella locusta Laterrem. Betcke) compared to storage in the dark [26]. Generally, in postharvest
treatments of leafy vegetables, the light intensity used for treatments did not exceed 30 µmol m−2 s−1
PPFD [24]. Cited studies indicate that energy-efficient LED lamps with an appropriate emitting spectrum
could be successfully used to illuminate fully-developed broccoli transplants during storage. Notably,
glass covering a greenhouse filters out ultraviolet radiation, so plants grown in such conditions may
present with a lack of adaptation to UV light (290–400 nm) [27]. Transferring plants into the dark for
several weeks, additionally exposes plants to light stress. This stress may occur just after transplanting into
the natural environment due to sunburn, especially that caused by UV-B (290–315 nm). Štroch et al. [28]
revealed that exposure to UV-A radiation effectively eliminated the negative effect of UV-B radiation and
increased resistance of the photosynthetic apparatus of barley (Hordeum vulgare L.) against UV-B.
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The purpose of this study was to investigate the effect of two light spectra (one with more blue and
a second enriched with UV-A) and storage time of 5-week-old broccoli transplants at low temperatures
on their morphological, physiological, and chemical parameters. The main hypothesis, which has
been verified in the presented study, was that 5-week-old broccoli transplants stored at 4 ◦C for 2 and
6 weeks with provided LED illumination would maintain quality parameters comparable to those
before storage, and that a temperature of 4 ◦C would stop the growth of treated plants. Moreover, we
hypothesized that the morphological and biochemical parameters of broccoli transplants illuminated
with different LED light spectra would be positively affected and that keeping transplants in the
aforementioned conditions would have no negative effects on the crop-forming potential. The obtained
results can be used as a guideline for seedling growers to manage the LED light environment needed
to transport broccoli transplants to remote locations or storage for several weeks, in cases where it is
necessary to delay planting.
2. Materials and Methods
2.1. Plant Material and Growth Conditions
Broccoli (Brassica oleracea var. italica Plenck) cv. Parthenon F1 was used in the experiment. The study
was carried out in 2019 at the University of Agriculture in Krakow (Poland): In the greenhouse
(production of broccoli transplants) and in closed chambers (transplant storage). Two storage durations
were established: 2 weeks (short term) and 6 weeks (long term). In both cases, seedlings were put
into the chamber at the same age (5-weeks-old). During storage, plants were treated with two kinds of
LED light (L1 and L2; explanation below). The end date for all combinations was 1 July when broccoli
transplants were planted into the field at the Experimental Station (50◦5′1”N, 19◦51′32”E). Control (not
stored, 5-week-old seedlings grown in the greenhouse) were planted together with stored plants into the
experimental plots at 75 × 40 cm spacing. Agronomic treatments were applied in accordance with the
requirements of the species. All dates of important cultivation terms are presented in Table 1. This table
also includes the treatment symbols used in the text.
Table 1. Important dates in broccoli cultivation and treatment designations used in the text.
Date of
Sowing
Plant Age in
Weeks before
Storage
Term T0 before 2
or 6 Weeks of
Storage or
without Storage
Storage
Duration in
Weeks
Term T1 after
Storage in
Darkness (D) and
under LED Light:
L1 or L2
Age of Plants
Planted on 1st
July in Weeks
15 April 5 20 MayT0(6) 6
1 July
T1-6D; T1-6L1;
T1-6L2
11
13 May 5 17 JuneT0(2) 2
1 July
T1-2D; T1-2L1;
T1-2L2
7
27 May 5 1 JulyT0 0 - 5
Seeds of broccoli “Parthenon F1”were sown individually into 96 cell multi-pots (60 × 40 cm) with a
volume of 0.053 dm3 each (400 plants per m2) and germinated in a peat substrate Florabalt Seed (Floragard
Product) (pH 5.6; N 140, P2O5 80, and K2O 190 mg L−1). After the formation of a second pair of true
leaves, seedlings were fertilized twice with a water solution of Kristalon Green Yara 18 + 18 + 18 (N–18%,
P–18%, K–18%, Mg–3%, S–5%, B–0.025%, Cu–0.01%, Fe–0.07%, Mn–0.04%, Mo–0.004%, Zn–0.025%)
fertilizer at a concentration of 0.1%.
Until storage, plants were grown with a natural photoperiod in the greenhouse (50◦03′N, 19◦57′E).
Environmental conditions in the greenhouse during broccoli growth are presented in Table 2.
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Table 2. Environmental conditions during which transplants were grown in the greenhouse.
Period Mean Temperature(◦C) ± 2 ◦C
Mean Relative Humidity
(%) ± 2%
Solar Radiation
J cm−2
Mean per Day
Day Night Day Night
15 April–20 May 25 18 41 54 1208
13 May–17 June 30 22 45 61 1546
27 May–1 July 33 25 40 57 1903
2.2. Light Conditions during Storage
The 5-week-old “Parthenon F1” broccoli transplants cultivated in the greenhouse were transferred to
the closed chamber with a temperature of 4 ◦C and relative humidity of 65% ± 2%. Three combinations of
light conditions were established: storage in darkness (D) and two in light under two kinds of LED lamps
emitting various spectra (percentage share in spectrum, color, and wavelength: L1 (29% red 660 nm +
14% red 630 nm + 42% blue 250 nm + 15% green 520 nm) and L2(38% red 660 nm + 18% red 630 nm
+26% blue 450 nm + 15% green 520 nm + 3% UV-A 330 nm)). Each light treatment consisted of two
identical lamps (100 × 8 × 7 cm) that were separated from each other by curtains. Lamps were made by
Growlux Michał Król company specially for our purposes, spectral composition was designed by our
team. Spectral characteristics of the lamps used are shown in Figure 1. The photoperiod was set at 16/8 h
day/night and the photosynthetic photon flux density (PPFD) reaching the plants under all lamps was
30 ± 10 µmol m−2 s−1. Broccoli transplants were stored in either light combination or darkness (in total
192 transplants for each storage duration, i.e., 2 and 6 weeks).
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Figure 1. Spectral characteristics of the light emitting diode (LED) lamps, measured using SpectraPen
mini (Photon Systems Instruments, Drásov, Czech Republic) after dark calibration.
2.3. Growth Analyses
Twenty randomly chosen plants from each treatment were harvested to perform the following
measurements: Stem length (from the substrate surface to the apical meristem, using a ruler), stem
diameter (using electronic caliper), leaf number, and leaf area, measured with a system for leaf surface
analysis (WinDIAS, UK).
2.4. Ch mical Analyses
Twenty randomly selected leaves (fully developed second or third leaf from the apex) of each
treatment were harvested for chemical analyses. All chemical analyses were performed in four laboratory
replications for each treatment.
Dry matter content (%) of leaves was estimated by drying 1 g of shredded fresh material at 105 ◦C.
The samples were dried to determine the constant weight (about three hours).
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Soluble sugars content was evaluated using the colorimetric method described by Yemm and
Wills [29]. The optical density of plant ethanol extracts after reaction with the anthrone reagent were
measured at 625 nm on a spectrophotometer Helios Beta (Thermo Fisher Scientific Inc., Bartlesville,
OK, USA). The content of soluble sugars was calculated according to the calibration curve of glucose
as a standard.
For total protein content estimation, fresh material was ground with liquid nitrogen and stored at
−36 ◦C. Total protein was extracted from frozen tissue with cold phosphate buffer (0.05 M, pH 7.5) with the
addition of 1 mM PMSF (phenylmethylsulfonyl fluoride, Sigma) and 1 mM DTT (dithiothreitol, Sigma).
After centrifugation (7000 rpm, 30 min, 4 ◦C, centrifuge Hettich Rotina 380R, Tuttlingen, Germany),
the supernatant was collected and used for reaction with the Bradford reagent [30]. Absorption was read
at 595 nm (UV-VIS spectrophotometer, Hitachi U-2900, Tokyo, Japan). A standard curve was prepared
with bovine albumin (Sigma). The results were calculated in mg of protein per 100 g of fresh material.
Photosynthetic pigments were extracted in 80% acetone and the absorbance reading was carried
out at 470, 646, and 663 nm wavelengths. The procedure and calculations were performed as described
by Lichtenthaler and Wellburn [31]. Pheophytin content was estimated spectrophotometrically (at 665
and 750 nm) and calculated according to Axler and Owen [32].
Total phenol content was determined in 80% methanol extracts using Folin–Ciocalteu reagent [33]
and absorbance was detected at 740 nm. A calibration curve was calculated using gallic acid as a standard.
Lipid oxidation analysis involved the thiobarbituric acid (TBA, Sigma) reaction with malondialdehyde
(MDA). Frozen plant material was extracted with 80% ethanol containing 0.1% trichloroacetic acid (TCA,
Sigma). After centrifugation (5000 rpm, 15 min 4 ◦C, centrifuge Hettich Rotina 380R, Tuttlingen, Germany),
the supernatant aliquot was mixed with a solution of 20% TCA with 0.65% TBA and heated at 95 ◦C for
25 min. After cooling and centrifugation, the absorbance measurement was made at 440, 532, and 600 nm
(UV-VIS spectrophotometer Hitachi U-2900, Tokyo, Japan) according to Du and Bramlage [34]. The value
of molar extinction coefficient of MDA was assumed at 157,000. The results were calculated in nmol of
MDA per 1 g of fresh material.
2.5. Chlorophyll Fluorescence Analyses
Chlorophyll a fluorescence measurement was made on the leaves of broccoli seedlings with a
HandyPea meter (Hansatech, King’s Lynn, UK). At least 10 leaves from each treatment were evaluated.
After dark adaptation (30 min) with leaf clips, the analysis was made after flash-light treatment with
3500 µmol m−2 s−1 intensity. The JIP-test parameters were calculated with formulas from Stirbet et al. [35].
The ratio of Fv/Fm describes the maximum quantum yield of PSII photochemistry that leads to primary
PSII acceptor (QA) reduction, and Fv/F0 is the ratio of maximum photochemical and non-photochemical
processes in PSII, which is a very sensitive indicator of the efficiency of photochemical processes in PSII.
The parameter PI(ABS) describe the performance index on absorption basis and is related to the electron
transport to PQ pool. In the formula of PI(ABS) are included fluxes of absorption, trapping, dissipation
and electron transport to the intersystem electron acceptors.
2.6. Yield Estimation
Broccoli heads (16 per experimental plot) were harvested twice (4 and 12 September), when flower
buds reached a diameter of ca. 2 mm and were fully formed and compact. Heads were cut together
with a fleshy shoot of ca. 15 cm length. The marketable yield of broccoli, consisting of compact main
heads with a minimum diameter of 10 cm, without defects, with closed flower buds, and no symptoms
of disease or pest activity, were determined.
2.7. Statistical Analyses
All statistical analyses were performed using STATISTICA v. 13.3 (TIBCO Software Inc., Palo Alto,
CA, USA). Treatment means were separated by one–way analysis of variance (ANOVA) followed by least
significant difference (LSD) with Fischer’s test at p ≤ 0.05. The number of repetitions has been presented
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in the description of the figures. Additionally, cluster analysis and comparison of ranks given to mean
values were used. Cluster analysis was performed based on morphological and physiological features
(Euclidean distance, Ward’s method). The mean values for each parameter were given the rank according
to the rule: Rank 1 was given to the worst value for a given parameter, then the mean rank was calculated
for each treatment.
3. Results
3.1. Growth Analyses
As shown in Figure 2a, after 2 and 6 weeks of storage, all broccoli transplants had longer stems
compared to the initial value. Long-term storage resulted in greater stem growth, approx 45% in relation
to T0(6). After 2 weeks of storage, plants exposed to the L1 spectrum (T1-2L1) had significantly longer
stems than those kept in the dark (T1-2D); and a contrary dependence after 6 weeks was observed. In both
storage terms, there were no significant differences in stem length among plants stored in darkness
and under L2 spectrum. Control transplants prepared for direct planting (T0), were characterized by a
similar height to plants produced after short-term storage. The lowest value of stem diameter (Figure 2b)
was observed in broccoli transplants before long-term storage (T0(6)). After 6 weeks, the diameter of
stems had increased significantly within all treatments. Shorter storage did not affect the thickness in
relation to the initial value with the exception of the L2 light treatment, where an increase was shown.
Moreover, after long-term storage, plants exposed to the L2 spectrum had a significantly increased stem
diameter compared to L1. There were no significant differences in this growth parameter between control
transplants (T0) and each storage group.
The increase of transplant’s leaf area was observed both after 2 and 6 weeks of storage (Figure 2c).
However, there were no significant differences among groups of plants exposed to various light
conditions within a particular storage time. No new leaves appeared during storage (data not shown).
The largest leaf blades were observed on plants after 2 weeks of storage, but this increase was not
accompanied by an increase in leaf dry matter content (Figure 3a).
3.2. Chemical Analyses
Short-term storage caused a decrease in leaf dry matter content (Figure 3a) in comparison to the
initial value T0(2) in each group of transplants, in which (wherein) plants kept in the dark exhibited
the lowest value. Another relationship was indicated after 6 weeks of storage: The lighting of plants
resulted in a significant increase in leaf dry matter, the largest being those under the L2 spectrum
(about 30% compared to T0(6)). It was the highest percentage of leaf dry matter in the experiment.
The content of soluble sugars (Figure 3b) in broccoli leaves significantly decreased in dark
conditions but increased with LED lighting of the L1 spectrum at both storage periods. A significant
increase in sugars level under L2 light, as a result of long-term storage, was also found. Leaves of
control transplants (T0) contained more soluble sugars in relation to all groups of plants, despite L1 and
L2 light treatments after 6-week storage. In these two cases, the difference was 0.4 and 0.3 mg per 100 g
of fresh weight, respectively, in relation to T0. For the content of protein in broccoli leaves (Figure 3c),
a significant decrease of about 40% after 2 weeks and 30% after 6 weeks of storage in darkness was
noted. Illuminating the plants, regardless of the spectrum and storage duration, caused an increase in
protein content to a level similar to the control transplants produced for direct planting (T0).
As shown in Figure 4a, the highest content of total chlorophyll was detected in broccoli leaves
after 6 weeks of storage in the L1 and L2 light treatments. Chlorophylls concentration decreased in
dark conditions, regardless of storage time. After 2 weeks under L1 and L2 LED light, chlorophylls
content was similar to that obtained before storage (T0(2)); while after 6 weeks, the significant increase
under both lights compared to the initial level (T0(6)) was found. The highest content of carotenoid
(Figure 4b) was shown in broccoli after 6 weeks of storage in the L1 light treatment; whereas the
lowest—in dark and L2 LED light treatments after 2 weeks of storage. The ratio of total chlorophyll
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to carotenoids (Figure 4c) that indicates the greenness of leaves was the highest in broccoli lighted
two weeks with L2 spectrum and did not differ significantly from L1 (at this term) as well as from L2
after 6 weeks of storage. The value of this parameter in all three groups was similar to control plants
(T0). The content of chlorophyll a, b and the ratio of chlorophyll a/b was presented in Supplementary
Materials Figure S1. The relationships for chlorophyll a to b ratio were similar to these demonstrated
for the ratio of total chlorophyll to carotenoids.
The content of pheophytin (Figure 5a) was highest in broccoli leaves after 6 weeks of storage in
darkness. In this storage term, L2 lighting caused an increase of pheophytin to a level that was not
significantly different from the highest one. Two-week storage did not result in significant changes in
pheophytin content. A similar level was observed in the transplant leaves before long-term storage, in
control plants, and also those illuminated for 6 weeks with L1 light.
Total phenol content in transplant leaves is presented in Figure 5b. Due to technical reasons,
no analysis was carried out before transferring plants to storage. According to the available data,
after both storage periods, the lighting of plants caused an increase of phenols in relation to the
dark treatment. A significant difference was observed between light spectra after 2 weeks of storage;
the plants accumulated more phenols in the L1 treatment. Comparing the same light conditions,
broccoli leaves had more phenols after long-term storage than short-term. The transplants, which were
prepared for direct planting (T0), were characterized by the highest content of these compounds.
Malondialdehyde (MDA) content (Figure 5c) was the lowest in leaves of transplants kept both in
darkness (regardless of duration storage) and in the control (T0). After short-term storage, the increase
in this compound under the L2 spectrum was found (by about 20% in relation to T0(2)). Lighting with
both spectra, L1 and L2, caused the increase of MDA as an effect of long-term storage (by 40% and 28%,
respectively, compared with T0(6)). Furthermore, 2 weeks with L2 light (T1-2L2) caused more changes
associated with MDA accumulation than 6 weeks (T1-6L2).
3.3. Chlorophyll Fluorescence Analyses
Some parameters of chlorophyll a fluorescence were presented in Figure 6a–c. No significant
difference was observed in Fv/Fm of the leaves in plants before storage (T0(2), T0(6)) and in control (T0)
(Figure 6a). There were also no difference in the Fv/Fm between control and lighted leaves. Compared
to the initial value, two-week storage in the dark and under the L1 spectrum resulted in a decrease of
this parameter. After 6 weeks, the Fv/Fm declined to the lowest level of the experiment under dark
conditions. In relation to the values before storage, its decrease under both spectra were also shown.
Similar relationships to that of the Fv/Fm ratio were demonstrated in the changes of the Fv/F0 parameter
(Figure 6b). However, Fv/F0 significantly decreased in light treatments compared to the control (T0)
after 6 weeks of storage. As shown in Figure 6c, PI(ABS) of transplant leaves was highest in the control
(T0) and before transferring the plants into long-term storage (T0(6)). Darkness caused a significant
decrease in PI(ABS) value by approx 1.7 and 5.5 times after 2 and 6 weeks, respectively, compared with
the state before storage. Lighting the plants for 2 weeks, regardless of spectrum, maintained PI(ABS)
to a level similar to the initial PI(ABS). However, after 6 weeks, a significant decrease in this parameter
was noted. In relation to T0(6), PI(ABS) declined 45 and 28% under L1 and L2, respectively, though
there was no significant difference among the values obtained in both light treatments.
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Figure 2. Stem length (a), stem diameter (b), and leaf area (c) of broc oli “Pa 1” transplants in
various sto age terms and light treatments: T0(2) before 2 w eks of st rage (abbreviation. w s.); T1-2D
after 2 w.s. in darkness; T1-2L1 after 2 w.s. in L1 light; T1-2L2 after 2 w.s. in L2 light; T0(6) before 6 w.s.;
T1-6D after 6 w.s. in darkness; T1-6L1 after 6 w.s. in L1 light; T1-6L2 after 6 w.s. in L2 light; T0 control
plants without storage. Error bars represent the standard error (SE) of biological replicates (n = 20). Mean
separations were significantly different according to Fisher’s least significant difference (LSD) test at
P ≤ 0.05.
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Figure 3. Dry matter (a), soluble sugars (b), and protein (c) content in leaves of broccoli “Parthenon F1“
transplants in various storage terms and light treatments: T0(2) before 2 weeks of storage (abbreviation.
w.s.); T1-2D after 2 w.s. in darkness; T1-2L1 after 2 w.s. in L1 light; T1-2L2 after 2 w.s. in L2 light; T0(6)
before 6 w.s.; T1-6D aft r 6 w.s. in darkness; T1-6L1 after 6 w. . in L1 ligh ; T1-6L2 after 6 w.s. in L2 light;
T0 con rol plants without storage. Error bars represent the standard e ror (SE) of biological replicates
(n = 3). Mean separations were significantly different according to Fisher’s LSD test at p ≤ 0.05.
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Figure 4. Total chlorophyll (a), carotenoids (b), and total chlorophyll to carotenoids ratio (c) in leaves of
broccoli “Parthenon F1“ transplants in various storage terms and light treatments: T0(2) before 2 weeks
of storage (abbreviation. w.s.); T1-2D after 2 w.s. in darkness; T1-2L1 after 2 w.s. in L1 light; T1-2L2
after 2 w.s. in L2 light; T0(6) before 6 w.s.; T1-6D after 6 w.s. in darkness; T1-6L1 after 6 w.s. in L1 light;
T1-6L2 after 6 w.s. in L2 light; T0 control plants without storage. Error bars represent the standard
error (SE) of biological replicates (n = 3). Mean separations were significantly different according to
Fisher’s LSD test at p ≤ 0.05.
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Figure 5. Pheophytine (a), phenols (b), and malondialdehyde (MDA) (c) content in leaves of broccoli
“Parthenon F1“ transplants in various storage terms and light treatments: T0(2) before 2 weeks of
storage (abbreviation. w.s.); T1-2D after 2 w.s. in darkness; T1-2 1 after 2 w.s. in L1 light; T1-2L2 after 2
w.s. in L2 light; T0(6) before 6 w.s.; T1-6D after 6 w.s. in darkness; T1-6L after 6 w.s. in L1 light; T1-6L2
after 6 w.s. in L2 light; T0 control plants without storage. Error bars represent the standard error (SE) of
biological replicates (n = 4). Mean separations were significantly different according to Fisher’s LSD
test at p ≤ 0.05.
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Figure 6. Parameters of chlorophyll a fluorescence: Fv/Fm (a), Fv/F0 (b) and PI(ABS) (c) of broccoli
“Parthenon F1” leaves in various storage ter s and light treatments: T0(2) before 2 weeks of storage
(abbreviation. w.s.); T1-2D after 2 w.s. in d s; T1-2L1 after 2 w.s. in L1 light; T1-2L2 after 2 w.s.
in L2 light; T0(6) before 6 w.s.; T1-6D after 6 w.s. in darkness; T1-6L1 after 6 w.s. in L1 light; T1-6L2
after 6w.s. in L2 light; T0 control plants without storage. Error bars represent the standard error (SE) of
biological replicates (n = 10). Mean separations were significantly different according to Fisher’s LSD
test at p ≤ 0.05.
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3.4. Yield Estimation
The highest total yield of broccoli heads (Table 3) was recorded in the control group of plants (T0),
in which transplants were not stored. Higher yield resulted from higher mass of single broccoli head.
Their yield was not significantly different from that of those obtained in plants stored for 2 or 6 weeks
under the L2 light spectrum. Additionally, broccoli yielded similarly, but on a significantly lower level
than the control. In treatments T1-6L1 and T1-6D broccoli yield was lower by 26 and 23%, respectively,
compared to T0, and in treatments T1-2L1 and T1-2D, it was reduced by 16%.
Table 3. Yield of broccoli “Parthenon F1” heads by transplant treatment: T1-2D after 2 w.s. (weeks of
storage) in darkness; T1-2L1 after 2 w.s. in L1 light; T1-2L2 after 2 w.s. in L2 light; T1-6D after 6 w.s.
in darkness; T1-6L1 after 6 w.s. in L1 light; T1-6L2 after 6w.s. in L2 light; T0 control plants without
storage. The yield is presented as the mean ± standard error (SE) of biological replicates (n = 3). Mean
separations were significantly different according to Fisher’s LSD test at p ≤ 0.05.
Transplants
Treatment T1-2D T1-2L1 T1-2L2 T1-6D T1-6L1 T1-6L2 T0
Yield(t ha−1) 19 ± 1.2abc 19 ± 0.7abc 21 ± 1.6cd 17 ± 0.6ab 17 ± 1a 20 ± 0.7bcd 23 ± 0.9d
To evaluate the aim of the presented study, numerous morphological, physiological, and biochemical
analysis were conducted. The experiment included many treatments and for easier analysis of the
obtained results and inference, additional statistical analyses were performed (Figure 7). According to
results of the cluster analysis, plants stored in darkness for 2 or 6 weeks are in different clusters than not
treated or light treated plants (Figure 7a). The longest Euclidean distance to the control was observed in
the T1-6D treatment, which indicates the huge loss in quality of these seedlings (Figure 7b). The average
value of each parameter in each treatment was changed to rank, where the value 1 was given to the worst
value for the given parameter. Mean ranks were then calculated for each treatment. The highest rank
was obtained in the case of non-stored seedlings (T0) and the lowest in dark stored plants (Figure 7c).
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Figure 7. Results of cluster analysis (a) for broccoli plants planted into the field based on morphological
and physiological features (Euclidean distance, Ward’s method), grey line indicates the cut-off point;
Euclidean distance of each treatment planted into the field compared to the control (b), light grey bars
indicate 2 weeks of storage treatments, dark grey bars indicate 6 weeks of storage; the value of mean
rank (c) of each treatment planted into the field according to all tested parameters; rank 1 was given to
the worst value for a given parameter, the higher the rank, the better the parameter. T1-2D after 2 w.s.
(weeks of storage) in darkness; T1-2L1 after 2 w.s. in L1 light; T1-2L2 after 2 w.s. in L2 light; T1-6D
after 6 w.s. in darkness; T1-6L1 after 6 w.s. in L1 light; T1-6L2 after 6 w.s. in L2 light; T0 control plants
without storage.
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4. Discussion
The starting point of this experiment was when fully developed 5-weeks-old broccoli transplants
were obtained and it was assumed that the term of planting them into the field was delayed by two or
six weeks (e.g., during transport or storage). Moreover, all transplants should be planted in a strictly
defined period (in this experiment 1 July). Therefore, the main objective of this research was concentrated
on the question, which light conditions during short and long-term storage at a cool temperature (4 ◦C)
might allow seedlings to maintain quality parameters. The quality of seedlings transplanted into the
field is a crucial element necessary to ensure a high quality and quantity yield. The light treatments
used in this study during seedling storage were designed to stop unwanted light-deficiency symptoms,
with simultaneous prevention of protein and important secondary metabolite degradation during seedling
storage. This would contribute to maintain high crop-forming potential and resistance during broccoli
cultivation in the field. Differences shown in stem length and leaf area between plants produced for
short- and long-term storage were associated with different greenhouse conditions that occurred during
seedlings growth. The insolation and temperature in April–May influenced the slower plant growth
compared with May–June (Table 2). In horticultural practice, seedling growers conduct the production
mainly in greenhouses, therefore we did not use a growth chamber for that purpose.
Plants have a great ability to acclimate their living processes to dynamically changing
environmental conditions. The main aim of plants’ adjustment responses is to maintain photosynthesis
and growth [36,37]. Upon analyzing the growth parameters of broccoli transplants after storage, it was
found that stem length and leaf area increased in each treatment, independently of storage duration and
light conditions. Transferring young broccoli from a warm greenhouse to a much lower temperature
(4 ◦C) did not stop cell enlargement. Therefore, this result is partially against our hypothesis that a
temperature of 4 ◦C contributes to stopping growth. The temperature used only slowed down the
growth rate. However, no new leaves appeared during storage. Seedlings which were produced for
long-term storage had four fully developed true leaves and for short-term storage, five leaves were
developed; this number of leaves did not change (data not shown). This suggests that a temperature of
4 ◦C could inhibit cell division in the apical meristem but due to water intake, the expansion of stem
and leaf cells was not stopped. A greater temperature reduction with the simultaneous use of more
blue and UV light in the spectrum during broccoli storage could cause oxidative stress [9,10].
Recently, more and more research has been carried out using UV-A radiation but the effects on
morphology and biomass of plants are unequivocal and there is still no comprehensive understanding
of the changes that near UV induces [38]. In some studies, UV-A addition stimulated adaxial epidermal
thickness, which may further affect the condition of the plants, e.g., lower water evaporation from
the leaf surface. In this study, LED light with a 3% UV-A share in the emitted spectrum effectively
increased the stem diameter of broccoli compared to light without UV-A, regardless of storage time.
Khoshimkhujaev et al. [39] indicated that UV-A (376 nm) added to red LEDs significantly improved
tomato seedling parameters, including stem diameter that was significantly larger, compared to solely
red light. In the 1980s, it was observed that lighting young cabbage plants with UV light inhibited
hypocotyl elongation [40], which is a very desirable feature in seedling production (a short and
thick stem is preferred). In the presented study, UV-A addition in the spectrum did not inhibit stem
elongation, but considering the simultaneous stem diameter stimulation, the overall stocky appearance
of a plant was preserved.
Broccoli seedlings illuminated with both kinds of LED light (with more blue or UV-A in spectrum)
maintained photosynthesis. This statement is supported by higher soluble sugars and leaf dry matter
content compared to storage in the dark. Lie et al. [41] showed that blue LED light (100% and 11%
combined with red) promoted soluble sugars accumulation, as well as increased photosynthetic
pigment content in Brassica campestris L. In the present study, 42% blue spectrum (L1) might cause
more accumulation of chlorophylls and carotenoids as related to the spectrum with 26% blue light (L2).
However, the influence of the other spectral components cannot be excluded. Many research studies
indicate that the chlorophyll content is more affected by the intensity of blue light than its share in
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the spectrum [42]. The stimulating effect of blue light on carotenoid biosynthesis has been shown on
various species [43–45]. In recent years, the influence of UV-A on this group of metabolites has been
shown [46]. In our study, the use of lighting with a higher share of blue wavelengths (L1) contributed
to significantly lower loss (in the case of short-term storage) or even enrichment (long-term storage) of
carotenoid concentration in comparison to seedlings stored in the dark. The addition of UV-A radiation
(at the expense of blue light share) did not increase carotenoid levels as expected, in comparison to
dark storage. A possible explanation is that a sufficiently high blue light intensity is necessary for
effective induction of biosynthesis of high carotenoid concentrations [43] and UV-A radiation cannot
replace this wavelength band, even though blue and UV-A are characterized by similar wavelength
parameters. Another possibility is that carotenoids function as blue light absorbing photosynthetic
pigments and chlorophyll photoprotectants. When plants are exposed to lower blue light intensities,
the presence of high carotenoid concentration is not necessary to protect chlorophyll molecules from
blue light excess and to conduct photosynthesis effectively.
Compared to dark storage, a low intensity of LED light may delay senescence of perishable leafy
vegetables [24]. The lighting of broccoli seedlings maintained the protein content to a similar level
as that of control plants, regardless of storage duration. In the dark, leaf senescence occurred faster,
which was reflected in protein degradation. Additionally, after six weeks of storage, a significant increase
of pheophytin, the product of chlorophyll degradation, occurred. Nevertheless, the use of LED lighting
during long-term storage helped to reduce chlorophyll loss and pheophytin formation, which, together
with reduced protein degradation, may suggest a successful attempt to slow down senescence-associated
processes in stored broccoli seedlings.
The relative energy of solar radiation is high in the UV-blue wavelength regions [47], and the glass
covers used in most greenhouses in which vegetable seedlings are produced are mostly impenetrable by
UV radiation. A rapid change in conditions after transplanting plants into the uncovered field, without
protection against this high energy radiation, can be a potential source of light stress. This may cause
further consequences, resulting in the weakening of plant growth and overall condition. We assumed
that low irradiation with a specific light spectrum during broccoli seedlings storage would be beneficial
for decreasing light stress, which may occur after planting them into the natural environment. Phenolic
compounds are known to be involved in alleviating light stress, acting as UV-screens and antioxidants [48]
and play an important role in light environment adaptation [49]. Their synthesis in larger quantities,
as a result of UV and violet-blue radiation was observed previously [50]. In the present study, broccoli
transplant irradiation increased the total phenolic compounds in comparison to storage under dark
conditions. According to previously cited works [48–50], a higher content of phenols in examined
plants might result in better acclimation to changed light conditions during planting outside the covered
greenhouse. The argument suggesting veracity of this hypothesis might be the higher yield of broccoli
obtained from seedlings illuminated during storage by a light spectrum enriched with UV-A, especially
after 6 weeks of storage.
MDA is an indicator of lipid peroxidation, which might be caused by uncontrolled accumulation
of reactive oxygen species (ROS) [51]. ROS are produced in many plant cell compartments during
metabolism or its disturbance. We observed that the metabolism of plants kept in darkness was slowed
(lower rate of: Photosynthesis and sugars, protein, and pigment content). It is likely that the production
of ROS was also lower and according to a previous study [52], the activity of antioxidant enzymes
in darkness is quite high. That might be the reason for a reduced amount of MDA in plants kept in
the dark. Previous experiments indicated that keeping broccoli transplants in a dark cold room (2 ◦C)
may positively affect the activity of an important antioxidant enzyme, catalase. Moreover, this sort
of treatment contributed to increased soluble peroxidase activity in a long-term manner, namely at
the time of harvest [52]. The presented work did not consider parameters regarding the activity of
antioxidant enzymes, but their possible increased activity could have caused a noticeable decrease in
MDA values compared to the initial values in the case of seedlings stored in the dark.
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During greenhouse cultivation of transplants, external conditions, like high temperature,
low relative humidity, and high solar radiation, may have induced lipid peroxidation and accumulation
of MDA. Plants prepared for 2 weeks of storage were cultivated at a higher temperature and solar
radiation than those prepared for 6 weeks of storage (Table 2), therefore, T0(2) plants had higher MDA
content than T0(6). Production of 5-week-old seedlings was performed in the greenhouse, under
a glass cover, which does not transmit UV-A radiation originating from sunlight. The addition of
3% UV-A to the spectrum received by plants just after moving them to the storage room might be
stress-generating during the initial period. This was visible after two weeks of storage, when the
degree of membrane damage measured by MDA content was highest and exceeded almost two-fold
the level of MDA shown in plants illuminated without UV in the spectrum. Plants stored for six weeks
with or without an UV-A enriched illumination spectrum had a similar level of MDA, which was
higher than plants stored in darkness or those that were not stored. Notably, some lipid peroxidation
products, like MDA, may also have signaling functions in response to stress and change the expression
of some genes [53,54]. The adaptation of plants was demonstrated by a high yield of broccoli collected
from plants that were illuminated with UV-A spectrum during storage. The crop level was similar to
that obtained from broccoli planted in the field immediately after seedlings were produced.
The presented records indicate that the best yield was obtained from broccoli transplants planted
to the field directly after finishing their production. However, in certain circumstances, when direct
seedling planting is not possible during the scheduled time, keeping broccoli transplants in cool
conditions with a low intensity light enriched with 3% UV-A radiation may result in obtaining a
satisfying yield quantity, comparable to those crops grown from non-stored seedlings. Storage of
broccoli transplants at 4 ◦C in the dark for 2 or 6 weeks led to significantly lower yield in comparison to
non-stored plants. It demonstrates the need to modify seedling storage conditions to prevent financial
losses for broccoli producers. Our results show that the introduction of proper lighting into storage
chambers for broccoli seedlings can be a good way to prevent losses resulting from the delay in planting
seedlings to the field.
Disturbances in photosynthesis can be observed during cold stress, light deficiency, oxidative
stress or other stress factors [55] due to reduction in photosynthetic pigment content, inhibition
in enzyme activity, stomatal closure, disorders in the electron transport chain, or light absorption.
One of the methods used for the evaluation of photosynthetic apparatus efficiency is the chlorophyll a
fluorescence measurement [56]. Both parameters Fv/Fm and Fv/F0 are considered universal tools to
indicate various stress factors in plants [57]. During stress conditions, a decrease in the Fv/Fm ratio can
be observed [58]. However, the maximum quantum yield of PS II (Fv/Fm) revealed no stress state in
illuminated broccoli after short and long-term storage, being on the same level as that of the control T0
plants. What is interesting is that only long-term storage in the dark decreased the Fv/Fm parameter
below 0.8. The Fv/F0 parameter, considered a more sensitive stress indicator, substantially decreased
after transferring the plants to storage (Figure 6) but again the lowest value was obtained in the case of
plants after 6 weeks of storage in darkness. The most sensitive indicator of changes in the state of the
photosynthetic apparatus in the presented experiment seems to be the PI(ABS) index, in which the
changes were greatest. These observations are similar to Kalaji et al. [59] who observed that PI(ABS)
was the parameter most sensitive to different conditions. The examined chlorophyll a fluorescence
parameter indicated that the photosynthetic apparatus of plants stored for the longest time in the dark
were subjected to the greatest stress. Using LED lights during storage improves the function of the
photosynthetic apparatus, especially in the case of long-term treatment.
The main purpose of the study was to compare seedlings ready for planting (stored or not),
therefore, only treatments that were planted to the field were used in cluster analysis (Figure 7).
These results clearly indicate that in the experiment, light conditions improved the quality of seedlings
and increased the obtained yield. Notably, long-term storage and light with the addition of UV-A
radiation improved seedling quality and subsequently plant yield.
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5. Conclusions
In conclusion, the presented results are in line with the first hypothesis, according to which
the use of proper LED lighting (particularly the spectrum containing 3% UV-A radiation) during
broccoli seedling storage may help with obtaining satisfying yield, comparable to those from plants
not subjected to storage. However, applied storage conditions did not contribute to full inhibition of
plant growth, as we hypothesized. In general, providing two LED spectral compositions during cold
storage resulted in maintaining favorable morphological, photosynthetic, and biochemical parameters
of broccoli transplants in comparison to dark stored plants, which agrees with our second hypothesis.
The presented research showed great potential to use LED lighting in broadly understood horticulture,
not only during cultivation of plants under covers or storage of harvested crops, as it was proved
before in numerous experiments, but also to prevent losses in the event of the necessity of long-term
transport of seedlings or random incidents forcing the delay of planting. Promising effects were
obtained, especially by adding UV-A radiation to the lighting spectrum.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/7/1009/s1,
Figure S1: Chlorophyll a (a), chlorophyll b (b), and chlorophyll a to b ratio (c) in leaves of broccoli “Parthenon F1”
transplants in various storage terms and light treatments: T0(2) before 2 weeks of storage (abbr. w.s.); T1-2D after 2
w.s. in darkness; T1-2L1 after 2 w.s. in L1 light; T1-2L2 after 2 w.s. in L2 light; T0(6) before 6 w.s.; T1-6D after 6 w.s. in
darkness; T1-6L1 after 6 w.s. in L1 light; T1-6L2 after 6 w.s. in L2 light; T0 control plants without storage. Error
bars represent the standard error (SE) of biological replicates (n = 3). Mean separations were significantly different
according to Fisher’s LSD test at p ≤ 0.05.
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